ABSTRACT: Reproductive efficiency has a great impact on the economic success of pork production. Stillborn pigs and average birth interval contribute to the number of pigs born alive in a litter. To better understand the underlying genetics of these traits, a genomewide association study was undertaken. Samples of DNA were collected and tested using the Illumina Porcine SNP60 BeadChip from 798 females farrowing over a 4-yr period (all first parity). Birth intervals and piglet birth status (stillborn or alive) were determined by videotaping each farrowing event.
INTRODUCTION
The incidence of stillbirth of piglets ranges from 2 to 9% and represents a significant loss to swine producers (Cassady et al., 2001; van Rens and van der Lende, 2004; Motsi et al., 2006; Oliviero et al., 2008) . A relationship between frequency of stillbirth and prolonged birth interval has been previously shown (Vallet et al., 2010) .
Until recently, genomewide association studies (GWAS) have heavily relied on microsatellites to identify regions of interest. The advent of the Porcine SNP60 BeadChip (Illumina, San Diego, CA; Ramos et al., 2009 ) has offered advances for identifying QTL. Recent use of this genomic platform has identified novel QTL for litter trait components that do not overlap previously discovered regions generated through the use of microsatellite marker components (Onteru et al., 2012) . The objective of the current study was to perform a GWAS using marker data from the Porcine SNP60 BeadChip in Landrace-Duroc-Yorkshire females to identify QTL for number of stillborn, percent stillborn, and average birth interval.
MATERIALS AND METHODS
The experimental procedures were approved and performed in accordance with the U.S. Meat Animal Research Center's Animal Care and Use Committee and the Guide for the Care and Use of Agricultural Animals in Research and Teaching (FASS, 2010) .
Animals and Data
A composite population was developed in 2001 using maternal and terminal Landrace, Duroc, and Yorkshire lines. Matings were random except full-and half-sib matings were prevented. Twelve original sire lines were maintained and semen from all sire lines was used to produce approximately 600 litters per generation. Additional details of the development of this population are reported (Schneider et al., 2012a) .
Eight hundred two gilts from this population that farrowed during 2006 through 2009 were genotyped and used for this study. Farrowings were video recorded (Vallet et al., 2010) so that the birth intervals and live or dead status of individual piglets within the litter could be measured. After farrowing, stillborn piglets (death during farrowing) were distinguished from mummies (death before farrowing), which were characterized by evidence of necrosis. Only stillborn piglets were used in the analysis. Previous results (Vallet et al., 2010) indicated that the birth interval of the last piglet in litters is often prolonged. This suggested that the last birth interval may differ from birth intervals of previous piglets and may be influenced by different genes. Therefore, 2 birth interval traits were analyzed: litter average birth interval after deletion of the birth interval of the last piglet in the litter (ABIL) and the last birth interval (LBI) in the litter. A further requirement for ABIL was that both first and last birth intervals were measured. Stillbirths significantly differ with birth position in the litter (Vallet et al., 2010) ; therefore, 3 traits were evaluated. Number of stillborn piglets ignoring the last piglet born (NSBIL) was defined by the number of video recorded piglets in each litter that failed to take a breath after birth ignoring the last piglet born. The number of stillborns in the last birth position (NSBL) was analyzed as a separate trait. The percent stillborn ignoring the last piglet (PCSBIL) was created by dividing NSBIL by the total number born minus the last piglet born. Summary statistics of the raw data are shown in Table 1 .
Deoxyribonucleic Acid Isolation, SNP Array Genotyping, and Quality Control
Genomic DNA was extracted from frozen tail tissue using the Wizard SV Genomic DNA Purification kit (Promega, Madison, WI) for all phenotyped pigs. Samples of 300 ng at a concentration ≥75 ng/μL of DNA were genotyped using the Illumina PorcineSNP60 BeadChip containing 64,232 SNP (Illumina; Ramos et al., 2009) . Genotypic reactions were completed at the U.S. Meat Animal Research Center (USMARC; Clay Center, NE) and then scanned at the USDA, ARS, Bovine Functional Genomics Laboratory (Beltsville, MD). Scan results were interpreted at USMARC us- Any SNP with unknown chromosome position, call rates < 95%, or minor allele frequencies < 0.05 were excluded from the analysis. Animals were eliminated for genotypic call rates < 95% or for failing a Mendelian segregation (parentage) test. After using these quality control measures, 41,148 SNP out of 64,232 SNP and 798 of the original 802 females qualified for GWAS.
Genomewide Association Analyses
A series of single-trait models were used by ASReml (Gilmour et al., 2009 ) to estimate variance priors for the Bayesian methods described below. A covariate of gestation length was included as fixed effects. The model fitted was
in which y represented a vector of observations; b was a vector of fixed effects; a was a vector of random additive genetic effects of animals, which was assumed to be distributed N(0, Aσ 2 a ), in which A was the numerator relationship matrix among animals; and e was a vector of residual effects, which was assumed to be distributed N(0, Iσ 2 e), in which I was the identity matrix. Incidence matrix X related records to fixed effects and incidence matrix Z related records to additive genetic random effects.
Bayes C methods found in version 4.61 GenSel software (http://bigs.ansci.iastate.edu) were used in the GWAS analyses. The fixed effects were those used in the previous ASReml model, which provided priors for the residual and additive genetic variance (GV) components. Boddicker et al. (2012) demonstrated that windows wider than 5 SNP may be more appropriate than previous analyses. Those previous methods have been extended by Schurink et al. (2012) , Tart et al. (2013) , and Peters et al. (2013) to accommodate nonoverlapping 1-Mb SNP windows of fixed location rather than the 5-SNP sliding windows used in previous analyses. The basic model of Bayes C (Kizilkaya et al., 2010) was modified to incorporate fixed effects as follows:
y Xb z , in which y is the phenotypic vector, X is an incidence matrix relating fixed factors to phenotypes, b is a vector of fixed factors, k is the total number of SNP, z j is the column vector of genotypic covariates for SNP j, α j is the allele substitution effect for SNP j, and δ j is an indicator for whether SNP j was included (δ j = 1 with a probability of 1 -π) or excluded (δ j = 0 with a probability of π) in the model for a given Markov chain. The probability that any SNP would have a zero effect is π. The allele substitution effect α is conditional on σ 2 α and is considered to be normally distributed N(0, σ 2 α). The vector of random residual effects ε is assumed to be normally distributed N(0, σ 2 ε).
Preliminary ASReml analyses of each trait provided estimates of heritability (Table 2 ). Based on previous work, values of 0.9996, 0.9994, 0.9995, 0.9996, and 0.9996 were used for π with ABIL, LBI, NSBIL, NSBL, and PCSBIL, respectively. Bayes C used the GV estimates from the ASReml analyses as marker variance priors and the values of π for the analysis of SNP effects with a burn-in of 1,000 iterations and a total of 41,000 iterations. After burn in, the SNP effects from every 40th iteration were used to estimate genomic merit for each animal for every 1-Mb window of the genome based on physical map location. The GV was calculated as the variance of the genomic merit across animals for that window and expressed as a percentage of the variance of whole genome merit in that iteration. Windows that accounted for ≥1.0% of the GV were considered to be significant QTL associated with appropriate traits, based on the publication of other GWAS (Boddicker et Peters et al., 2013) . Peters et al. (2013) stated that the 1.0% method can be conservative yet with strong confidence for identifying QTL. A less conservative approach has been described by Schurink et al. (2012) to identify suggestive QTL from a 1 Mb analysis. Window genomic variance greater than 0.04% (i.e., the expected percentage of variance explained by each window in an infinitesimal model [1/2,569 × 100]) was used to calculate the percent of iterations in which the genomic variation exceeded 0.04% (PCI). Those 1-Mb windows that had a GV < 1.0 but had PCI greater than 2.9% were deemed worthy of further study. The 2.9% threshold for PCI provides a number of QTL more comparable with bootstrapping methods (data not shown).
RESULTS AND DISCUSSION
The number of animals, heritability, and the proportion of total variance explained by the markers for ABIL, LBI, NSBIL, NSBL, and PCSB are shown in Table 2 . Using ASReml, heritabilities were found to be 0.020, 0.030, 0.015, 0.011, and 0.027 for ABIL, LBI, NSBIL, NSBL, and PCSBIL, respectively. Holm et al. (2004) estimated heritability of duration of farrowing (assumed to be highly correlated to birth interval) to be 0.05 and the genetic correlation between duration of farrowing and number of stillborns to be 0.66 ± 0.01. Heritability estimates for birth interval traits are not available.
Heritability for NSBIL was estimated to be 0.015 by the current study. The estimate was similar to estimates for number stillborn from Hanenberg et al. (2001) , Imboonta et al. (2007) , and Robinson and Quinton (2002) for Landrace. The estimate was smaller than found by Canario et al. (2006) at 0.19 and Robinson and Quinton (2002) for Yorkshire at 0.07. The heritability estimates may have been affected by the definition of stillbirth in use. Canario et al. (2006) defined a stillborn as a fully formed fetus that made no visible movement after birth. Others may define stillborn by examining the lungs for color change indicating air having been in the lungs or by removing the lungs and testing if they float. Robinson and Quinton (2002) simply counted the fully formed dead pigs 24 h after birth.
The proportion of total variance explained by the markers for ABIL was estimated by GenSel to be 0.017 and indicated that the SNP explained a similar amount of genetic variation as compared to the infinitesimal model. Table 3 presents information on the top 1% (25) of 1-Mb windows based on GV identified for ABIL including chromosome, position, number of SNP within the 1-Mb window, GV, PCI, position of the SNP with the greatest SNP GV, the SNP name, SNP effect, and the SNP's contribution to GV. The top 1% of 1-Mb windows is listed in order of GV and explained 8.22% of the GV. No 1-Mb SNP windows exceeded the 1.0% GV threshold to qualify as significant. Two 1-Mb windows exceeded the threshold of 2.9% for PCI. Supplemental Fig. 1 is a Manhattan plot of percent total GV explained by 1-Mb window regions for ABIL. Within the top 1% of 1-Mb windows, 2 pairs of adjacent windows were found for this trait on SSC1 and 1 pair was found on SSC15. Within the top 1% of windows, chromosomes containing multiple 1-Mb windows included SSC1 with 10, SSC3 and SSC13 with 3, and SSC8, SSC14, SSC15, and SSC17 with 2.
Supplemental Fig. 2 is a Manhattan plot of percent total GV explained by 1-Mb window regions for LBI and shows no evidence of QTL based on GV or PCI. The proportion of total variance explained by the markers for LBI was estimated by GenSel to be 0.002 and indicated that the SNP explained much less genetic variation as compared to the infinitesimal model. Table 4 presents information on the top 1% of 1-Mb windows identified for LBI. The GV explained by the top 1% of 1-Mb windows is equal to 3.73%. Within the top 1% of 1-Mb windows, there were no adjacent windows found for this trait and chromosomes containing multiple 1-Mb windows included SSC13 with 4, SSC1 and SSC7 with 3, and SSC2, SSC8, SSC9, SSC14, and SSC16 with 2.
Because the LBI was unusually prolonged (Vallet et al., 2010) , we hypothesized that the birth interval in the last position may be influenced by different genes compared to intervals occurring earlier in the farrowing process. Therefore, the LBI was analyzed separately from earlier birth intervals. Unfortunately, in contrast to earlier birth intervals, analysis of the LBI indicated that no 1-Mb windows were found to reach either the 1% GV threshold or the 2.9% PCI threshold. One conclusion that can be drawn from these results is that the duration of the LBI is less influenced by genes compared to earlier birth intervals and is the result of unknown environmental influences. This contradicts previous reports suggesting that the relative duration of the LBI varies by breed (Van Dijk et al., 2005) . Because no genomic loci were found for the LBI, it is not possible to compare loci found for the LBI versus earlier birth intervals.
The proportion of total variance explained by the markers for NSBIL was estimated by GenSel to be 0.032 and indicates that the SNP explained a greater proportion of genetic variation compared to the infinitesimal model, which was 0.015 (Table 2 ). Supplemental Fig.  3 is a Manhattan plot of percent total GV explained by 1-Mb window regions for NSBIL. Table 5 presents information on the top 1% of 1-Mb windows identified in this study for NSBIL. The top 1% of 1-Mb windows explained 12.14% of the GV. One of the regions met the threshold to be identified as a QTL. A second nearly reached the 1.0% genomic variance threshold. An ad-ditional thirteen 1-Mb SNP windows exceeded the threshold for PCI and are suggestive that further study is warranted. Within the top 1% of 1-Mb windows, there were adjacent windows on SSC7 in positions 72 to 73 and 97 to 98 Mb and on SSC15 on positions 24 to 25 and 83 to 85 Mb. Within the top 1% of 1-Mb windows, chromosomes containing multiple 1-Mb windows included SSC7 and SSC15 with 7, SSC14 with 3, and SSC6, SSC9, and SSC13 with 2.
The proportion of total variance explained by the markers for NSBL was estimated by GenSel to be 0.029 and indicates that the SNP explained nearly 3 times the genetic variation compared to the infinitesimal model. Supplemental Fig. 4 is a Manhattan plot of percent total GV explained by 1-Mb window regions for NSBL. Table 6 presents information on the top 1% of 1-Mb windows identified in this study for NSBL. The top 1% of 1-Mb windows explained 11.07% of the GV with the top window explaining 1.09% of the GV. The location of this QTL differed from that of the QTL for NSBIL, suggesting that the 2 QTL are indeed the result of different genes, despite both being measures of stillbirth. An additional 3 suggestive SNP windows were also identified. The top 1% of 1-Mb windows included adjacent windows on SSC9 on positions 146 to 147 Mb, SSC13 on positions 53 to 56 Mb, and SSC14 at position 25 to 26 Mb. Within the top 1%, chromosomes containing multiple 1-Mb windows included SSC13 with 5, SSC9 with 4, SSC1 and SSC3 with 3, and SSC2 and SSC14 with 2. The 1-Mb window located on SSC13 at position 53 Mb was also identified on Table 3 (ABIL) and SSC13 at position 56 Mb was identified on Table 4 (LBI), suggesting some overlap between birth interval loci and stillbirth loci.
Similar to birth intervals, stillbirth rates also differ for the last piglet born versus piglets born earlier in the farrowing process (Vallet et al., 2010) . Unlike birth intervals, different 1-Mb windows exceeding the 1% GV threshold were found for NSBL and NSBIL. The fact that many loci associated with ABIL do not coin- 2 GV = genetic variance (explained by 1-Mb window; expressed in percent).
3 PCI = percent of iterations in which the genomic variation exceeded 0.04%. 4 The position in base pairs for the SNP of greatest GV within the window.
5 The substitution effect of replacing an A allele with a B allele.
cide with the loci associated with NSBIL suggests that several of the loci for NSBIL are independent of birth interval and are due to genes involved in other mechanisms contributing to stillbirth. By contrast, because birth intervals were so prolonged for the last piglet, loci associated with NSBL would be expected to be genes specifically influencing survival during prolonged birth, even though they are clearly not loci associated with prolonged birth. These results may suggest that mechanisms of stillbirth differ depending on whether the piglet is born last versus born earlier in the farrowing process. The proportion of total variance explained by the markers for PCSBIL was estimated by GenSel to be 0.030 and indicates that the SNP explained similar genetic variation as compared to the infinitesimal model. Supplemental Fig. 5 is a Manhattan plot of percent total GV explained by 1-Mb window regions for PCSBIL. Table 7 presents information on the top 1% of 1-Mb windows identified in this study for PCSBIL. The GV explain by the top 1% of 1-Mb windows is equal to 14.52%. The first window had a GV of 3.62%, the second window had a GV of 1.04%, and the third rounds off to 1.00%. An additional 6 suggestive windows are also present. The top 25 (1%) windows included adjacent windows of SSC1 (position 55-56 Mb), SSC13 (position 51-52 Mb), and SSC15 (positions 24-25 and 78-84 Mb). Regions of strongly associated SNP (e.g., regions of linkage disequilibrium [LD]) have been found to exceed 20 Mb in beef cattle (Snelling et al., 2010; Peters et al., 2012) . These results indicate that regions in LD that are larger than 1 Mb probably exist in swine for certain traits or populations. Some of this LD could be contributed by interrelatedness of the animals in the population, because the entire population used originates from 24 males and 220 females. Chromosomes containing multiple 1-Mb windows within the top 1% included SSC15 with 8, SSC13 with 4, SSC8 and SSC14 with 3, and SSC1, SSC7, and SSC11 with 2. As expected, many of the 1-Mb windows from Table  7 were also found on Table 5 . Ten 1-Mb windows were identified for both NSBIL and PCSBIL. These include windows located on SSC7 at position 18 Mb; SSC11 at 2 GV = genetic variance (explained by 1-Mb window; expressed in percent).
position 11 Mb; SSC13 at position 51 Mb; SSC14 at positions 58, 60, and 95 Mb; and SSC15 at positions 24, 25, 83, and 84 Mb. Analysis of PCSBIL specifically increased the GV associated with SSC13 and eliminated the GV associated with SSC7 compared to SBIL. This suggests that genetic differences in litter size contribute to the GV associated with SSC7 for NSBIL, whereas differences in litter size obscure the GV associated with SSC13. Litter size is positively associated with the number of stillborn piglets (Canario et al., 2006) . Mechanisms that might contribute to this positive association could be increased duration of farrowing in large litters or decreased piglet birth weights, which could make piglets more susceptible to stillbirth. Presumably, the gene or genes responsible for the NSBIL effect on SSC7 also positively influences litter size, whereas the gene or genes responsible for the NSBIL effect on SSC13 does not influence litter size. Further exploration of these pleiotropic effects will require identification of the genes involved.
Three pairs and 1 trio of adjacent 1-Mb windows for NSBIL, 1 quad of adjacent 1-Mb windows for NSBL, and 4 pairs and 1 trio of adjacent 1-Mb windows for PCSBIL were identified in Tables 5, 6 , and 7 for evaluation of LD. Disequilibrium in pairs with lower GV or lower PCI was not investigated. This was done to determine whether these adjacent pairs of windows actually may be due to a single QTL or gene in the region. To determine if these adjacent QTL were independent, LD between SNP were computed as r 2 . Linkage disequilibrium has been shown to be greater in populations with a small effective population size (Uimari and Tapio, 2011) . Linkage disequilibrium in pigs is greater than the cattle population (Veroneze et al., 2013) and is especially greater in pigs than in U.S. Holstein cattle at marker distances greater than 1 Mb (Badke et al., 2012) . Linkage disequilibrium tends to decrease over larger distances (Veroneze et al., 2013) .
Linkage disequilibrium results are presented in Supplemental Tables 1, 2, and 3 for NSBIL; Supplemental Table 4 for NSBL; and Supplemental Tables 5, 6 , and 2 GV = genetic variance (explained by 1-Mb window; expressed in percent).
7 for PCSBIL. Linkage disequilibrium values above a threshold of 0.74 are shown. Genetic variance of 1-Mb windows was identified using nonoverlapping 1-Mb windows, which accounts for LD between SNP within the window. Although LD among SNP within 1-Mb windows is shown, it is the LD between SNP of closely positioned 1-Mb windows that is of greatest importance in the supplemental tables. Linkage disequilibrium above the threshold was measured between 1-Mb windows 72 and 73 on SSC7, most notably involving INRA0026398 (Supplemental Table 1 ). An LD analysis also showed considerable LD both within and between 1-Mb windows 97 and 98 of SSC7. The LD involved 8 SNP for window 97 and 10 SNP from window 98, with each of the 8 SNP almost always having high LD with each of the 10 SNP (Supplemental Table 2 ). The LD analyses of both regions on SSC7 imply that there is likely to be only 1 causative gene for each location.
Similarly, Supplemental Table 3 shows considerable LD within windows 83, 84, and 85 of SSC15 for NSBIL. The highest LD was found between windows 84 and 85.
Most of the LD involved 9 SNP from window 85 that were each in LD with the same 11 SNP from window 84, suggesting the causative gene lies somewhere between 84 and 85.9 Mb on SSC15.
In the analysis of NSBL, a group of 4 consecutive 1-Mb windows on SSC13 were worthy of LD analysis (Supplemental Table 4 ). High LD was found within all 4 windows and among all combinations of the 4 windows. Considerable LD was found between SNP from window 53 and window 56, spanning 4 Mb of SSC13. Linkage disequilibrium tends to decrease over large distances, although LD can be observed between distant SNP pairs (Wall and Pritchard, 2003) . The extent of LD observed in this region implies that very little recombination occurs in this 4 Mb area of SSC13 and most likely a single causative gene lies somewhere in this region affecting NSBL.
An LD analysis of PCSBIL identified 5 groups of windows on SSC1. The first group is shown in Supplemental Table 5 and provides data for windows 55 and 56. Quite high LD was noted both within and 2 GV = genetic variance (explained by 1-Mb window; expressed in percent).
between SNP of the 2 windows. Almost all of the LD present was between 6 SNP from window 56 and 8 to 11 SNP from window 55. An LD analysis of windows 51 and 52 for SSC13 (Supplemental Table 6 ) found moderate LD both within and between the 2 windows. The LD between windows involved 3 SNP from window 52 and 7 SNP from window 51. An LD analysis of windows 78, 79, and 80 of SSC15 (Supplemental Table 7 ) found much less LD between windows with LD involving 1 to 3 SNP from each window. As evidence was found for QTL in flanking regions (windows 74, 83, and 84) and less LD between windows, there may be multiple causative genes segregating in this region of SSC15.
Promising Candidate Genes for QTL
Previous reports clearly indicate that prolonged birth intervals are associated with increased stillbirth rate. Despite this, very few overlapping chromosomal regions were found between those associated with birth intervals (ABIL and LBI) and those associated with stillbirth (NSBIL, NSBL, and PCSBIL). The primary exception was for LBI and stillbirth rate of the piglet in the last birth position, in which both traits were associated with a region on chromosome 13 at 56 Mb. Even though LBI did not achieve the thresholds used in this experiment, it had the second largest estimated effect and a PCI value of 2.1. This region is close to the gene ADAMTS9 (ADAM metallopeptidase with thrombospondin type 1 motif, 9). Transcription of this gene is increased in the myometrium of human women who fail to progress in labor (Chaemsaithong et al., 2013) , although the role of this gene in the myometrium or the birth process is not clear. Loci close to this were also found for ABIL (SSC13 position 53 Mb), NSBIL (SSC13 position 51 and 58 Mb), and PCSBIL (SSC13 position 51 and 52 Mb), but except for PCSBIL, these windows were poorly supported relatively low on the list of the top 25 windows.
A second region that displayed considerable interest was SSC1 spanning 55 and 56 Mb. Both 55 and 2 GV = genetic variance (explained by 1-Mb window; expressed in percent).
56 Mb were located in the top 1% of the 1-Mb intervals for ABIL and PCSBIL. In fact, the 55 Mb region had the largest estimated effect for ABIL. This region contains the gene COL19A1 (collagen 19). COL19A1 has been suggested to play a developmental role in the smooth muscle of the esophagus (Sumiyoshi et al., 2004) and may play a similar role in uterine development, thus possibly affecting the rate the piglets are delivered and, subsequently, stillbirths. In contrast to these loci, the other QTL for birth interval and for stillbirth traits were not located in similar regions. This might suggest that the QTL for birth interval do not effect stillbirth rate and vice versa, despite the phenotypic association between the 2 traits. Potential candidate genes in the regions of SSC8 position30 Mb and SSC3 position58 Mb include TBC1D1 (TBC1 (tre-2/USP6, BUB2, cdc16) domain family, member 1) and SEMA4C (Semaphorin 4C), respectively. TBC1D1 plays a role in glucose influx into muscle tissues , which could affect uterine contractions. SEMA4C affects smooth muscle development (Wu et al., 2007) , which, like COL19A1, could affect uterine smooth muscle development. Although these all might affect uterine contractions, it is not clear why this would not result in increased stillbirth rate. It is possible that alterations in uterine contractility due to polymorphisms in these genes might not be severe enough to result in increased stillbirth.
Turning to stillbirth QTL, regions at SSC7 position73 Mb, SSC15 position84 Mb, and SSC15 position 25 Mb correspond to the candidate genes NUBPL (nucleotide binding protein-like), LOC100518697 (a nostrin-like gene), and DPP10 (dipeptidyl-peptidase 10). NUBPL is involved in mitochondrial function (Calvo et al., 2010) and could result in increased stillbirth incidence in response to hypoxia during farrowing. Nostrin is involved in nitric oxide synthase trafficking (Xiang et al., 2009) , and changes in this gene could influence the contractility of the umbilical cord during farrowing, perhaps prematurely closing the umbilical cord during the birth process. Along the same lines, DPP10 has been associated with bronchial hyperesponsiveness and asthma (Zhou et al., 2009) , and changes in this gene could impair lung function leading to stillbirth. The other QTL for stillbirth in the last birth position (SSC9 position 129 Mb) corresponds to 2 possible candidate genes, PAPPA2 (pappalysin 2) and TNR (tenascin R). PAPPA2 affects IGF binding proteins, and polymorphisms in this gene are associated with reduced fertility and reduced birth weights (Conover et al., 2011) . Stillbirth has been previously reported to be associated with low birth weights (Vallet and Christenson, 2004) , making PAPPA2 a viable candidate gene. TNR has been reported to be a candidate gene associated with premature rupture of fetal membranes in humans (Romero et al., 2010) and is a component of the extracellular matrix. If TNR plays a role in adhesion of the pig placenta to the endometrium, then alterations in this gene could be associated with premature placental separation during the farrowing process, resulting in stillbirth. Whether any of these genes are actually responsible for differences in either birth interval or stillbirth remains to be explored.
As litter size is also associated with ABIL and stillbirths (NSBIL and NSBL), some of the identified top 1% regions could be associated with factors affecting total number born. In fact, 5 of these regions overlap QTL reported in the Animal QTLdb located at http://www.animalgenome.org/cgi-bin/QTLdb/index. The region of 57 and 58 Mb on SSC3 (ABIL and NSBL) was identified by Onteru et al. (2012) to affect total number born and associated with ovulation rate by Rohrer et al. (1999) . Similarly, SSC7 at position 27 to 29 Mb (ABIL and LBI) were detected in a scan for number born alive by Onteru et al. (2011) whereas position 72 to 73 Mb (NSBIL) was associated with total number born (Onteru et al., 2012) . Chromosome 9, at position 147 to 148 Mb, was previously identified to affect total number born and number of mummies by Onteru et al. (2012) and SSC15 position 83 to 84 Mb was associated with number of mummies (Onteru et al., 2012) and ovulation rate (Rohrer et al., 1999; Schneider et al., personal communication) . Therefore, the selection of candidate genes underlying these regions should consider genes that may affect litter size.
In conclusion, the results of this study have provided insight into regions of the genome that affect the rate of the birthing process. With this information, we implemented a novel approach to evaluate factors affecting stillbirths and found it to be more fruitful than the approach we previously used (Schneider et al., 2012b) . The genomic regions reported merit further study to determine their potential to reduce production losses.
